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Soft magnetic alloys are used for making cores for 
high frequency transformers 60 Hz). It is well known 

that the magnetic properties of permalloys can he improved 
throu.gh the development of perfect cube texture and thjrough 
suitable heat treatments. Allo^rs chosen for the study contain 
75 pot. Ni-Fe with 5 pet. Cu or 14 pet. Cu and with small 
additions (upto 2 pet.) of Ti and Cr. Development of cube 
texture in these alloys depends on various process variables. 
The process variables chosen for the study ai’e pet. cold 
reduction (96-98 pet.), annealing time (1-6' hrs.) and atmos¬ 
phere of annealing (argon and hydrogen). The allovs are 
annealed at fixed tempera-fcure of 1050°C. Addition of Ti and 
Cr to Cu bearing permalloys has increased pc+. elongation, 
electrical resistivity and has lowered t’^e cr.ri e -'-empprature. 

Cu bearing permalloys containing Ti and C"^ can be cel'-'' -oiled 
easily to very small thickness of 0.0055” . Allov containing 
75 Hi, 5Cu, iTi, ICr, 0.5 tin, bal. Fe apnears to develop the 
best texture. Hydrogen annealing of alloys apnears to show 
a promise of good texture. Magnetic cooling appears to improve 
the magnetic properties slightly. 
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CHAPTER^.1 

INTRODUCTION AND LITERATURE REVIEW 
I•1 I ntro d uction 

Ferromagnetic riiaterials are used in electric machines, 
communication systems and various control devices. The 
important common elements which show ferromagnetism are iron, 
cobalt and nickel. These elements together xfith their 
various alloys provide magnetic materials lia-vlng wide range 
of properties. For engineering applications two types of 
ferromagnetic materials are employed. One variety, called 
the hard magnetic materials, require large amount of energy 
to be expended to magnetise the material but once magnetised 
they retain their magnetised state. The o-fcher variety^ 
called the soft magnetic materials, can be raa,gnetised easily 
but they do not retain the magnetised state once the external 
influence causing magnetisation is removed. 

Soft magnetic alloys are used for making transformer 
cores. There are two types of transformers - (i) low frequency 
(50“60 Hz) transformers and (ii) high frequency ( 60 Hz) 

transformers. Lox^ frequency transformer cores are made of bcc 
Fe-Si alloys while high frequency transformer cores are made 
of fee Pe-Ni base alloys. We are concerned here with the 
Fe-Ni base soft magnetic materials, simple Pe~Ni alloys are 
called permalloys. They are named according to their Ni content 


1 
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e.g. 65 permallc-y contains 65 wt. pet. Hi an<^ rest iron. 

Pe-iTi alloys are also used along with other :.'allo 3 ?'ing ele.ient 
additions and they are usually named differently. Por e^'ample 
a Pe-Ni alloy with addition of copper is called p,-metal, 
another Pe-l-Ti alloy with addition of Cu and Mo is called 
1040 alloy, Pe-Ni alloys with different additions of Mo are 
called Mo-permalloy and supermalloys. Por soft magnetic 
materials the important magnetic characteristics are 1) high 
saturation induction (B ) 2) high permeability (p), 3) small 
magnetising force to cause saturation, 4) small remanence (B^), 
5) low coereciwity (H ) and 6) small power loss i,e. small 
hysteresis and eddy current losses. A good soft magnetic 
material should possess most of these characteristics. 

Pe-Ni alloys satisfy these conditions rather well.S'ome 
properties of cornmen commercial permalloys are mentioned in 
Table I. 

Althou^ in India, these alloys a.re in use thej;- 
are all imported from other countries. S ;0 far very little 
work has been done in India to produce these materials, 
possibly because not much details of their manufacture is 
available in published literature. The magnetic proporties of 
these matnials, besides being dependent on alloy composition, 
depend, mainly on processing parameters which produce preferred 
grain orientation (texture) in the material. Since magnetic 
properties are anisotropic, materials texture and its perfection 
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affects magnetic properties. Since the conditions under 
which the required texture and its perfection is produced 
are not available in literature, it was therefore decided to 
determine the optimum process parameters for develooment of 
desired texture in various permalloys. The work on permalloys 
was divided into txfo parts ~ one dealing with simple permalloys 
and the other with permallojrs having addition of different 
alloying elements. The present, st\idy involves the second 
group of permalloys. Since the processing parameters are 
similar for the two groups of alloys and that lot more 
data is available for the first group of a.lloys to understand 
the effects of orocess variables, first a brief review of 
Pe-Ui permalloys is presented and then the second group of 
alloys relevant to the present study are reviewed in the 
following sections. 

1.2 Permalloys 

1.2.1 Fon-textured Perma lloys 

The phase diagram of Pe-Hi system is shown in Pig. 1, 

A continuous series of, solid solution of Pe in 111 occurs at 

higher temperatures but at room temperature it is stable above 

( 2 ) 

4G pet. Ni. Atomic ordering in, Pe-Iii system^ has oe n 
observed at about 500°C for the stoi chiometric composition of 
Ui^Pe. Order-disorder transformation has been found to be 



sluggish.^^^ taking about one week at 450*^0 for complete 
ordering. The critical temperature for ordering decreases 
on either side of the ITi^Fe stoichiometry. The fee Fe-Ni 
alloys are ferromagnetic and the ciznie temperature goes 
through a maximum (/^612°C) near about 63 pet. Fi composition. 

Magiietic properties of permalloys are dependent on 

the composition of alloys and on the various process nara- 

meters. Electrical resistivity of Pe-Ri alloys incr-'^ases 

with increase in Fe content. Fate of cooling has an effe-'t 

on the electrical resistivity of Fe-Ri alloys. Higher the 

cooling rate, more is the resistivity. Saturation induction 

of Fe-Ni alloys increases with decrease in Ni content. On the 

other hand increase in Ni content inci”eases and each of 

which reaches maxim-um at 78 pet. Ni if permalloy treatment 

is given (Fig. 2). Coercive force is also minimum for double 

treated 78 permalloys. The high Ni permallo-ys, 60 to 78 

wt. pet. Ni, show an even greater increa-se in permeability if 

subjected to magnetic annealing at 500°C or cooled in a small 

(A) 

magnetic field of 10 Oe^ ' . All these effects reveal that a 
critical degree of order is required to get optimum magnetic 
properties. 



6 


1.2.2 Textured. Perma.lloy;s 

ferromagnetic materia.ls show magnetic anisotropy. 

For example, in single crystal of Ni (fee) the magnetization 
as a function of applied field for three crystallographio 
directions is as shown in Fig. ' 5 . All the permalloys of our 
interest has foe structure and are expected to show magnetic 
anisotropy. Thus^ a polycrystalline material, in which all 
the grains are. oriented in either [lllj or [lOOj direction, 
shows hetter magnetic properties compared to a material 
having randomly oriented grains. Desired orientation of grains 
can be achieved through proper choice of mechanical and thermal 
treatments. 

Cold rolling of materials produces preferred orientation 
of grains such that a crystallographic direction tends to 
become parallel to the rolling direction and a crystallographic 
plane tends to become parallel to the rolling nlrne. Torture 
produced due to cold rolling of Ni and perraalloys can be 
described approximately as (13.0) [ll2] and more precisely as 
(123)[412J or (123)[4l2j (major) + (145) [21l] (minor) ^ 

(Fig. 4). ¥1:1 en the cold rolled material is annealed, the 

cold rolled texture changes to an annealing texture which 
may vary quite considerably depend!!'^ upon the choice of the 
process variables. Under a very specific set of conditions. 
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some fee materials are known to produoe ^10texture, 

called 'CUBE TEXTURE’in which. ^COl^ direction becomes 

■7 

parallel to rolling direction and ^lOO^rjlane becomes parallel 
to the rolling plane (Eig. 5). 

1 .2,2.1 De.?e _l oj)ment o f Ct i. be T exture in Permalloys 

The studies of fco metals and allovs infU cate that 
development of cube texture in these materigils requires ful¬ 
filment of several conditions. These condition-s may be 
summarized as^^^. 

1. The cold rolled texture must be basically copper type 
(Eig. 4). 

2. Very high deformation by cold working prior to annealing. 

3. Employment of high annealing temperature. 

4. Employment of high annealing time and 

5. Small ■ penultimate grains size (PG-S) . 

Benford^^^ has found ihat the sharpness of cube texture 
in 50 permalloy depends on PCS or rolled grain thickness (RGT). 
RUT is a function of PG-S and pet. cold reduction (Fig. 6). It 
was found that RG-T of 0.004'' to 0. C06''produced sharp crxbe 
texture. 1 decrease in hysteresis loop occurs due to decrease 
of RGT^^^^. Littman et al*'^^^ observed that the grain 
structure in 48 permalloy should be homogeneous and ^hmiLd 
consist of either very small (100)LOOIJ primary grains or 
large (120)[OOlj secondary grains free from annealing twins. 
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|’IG-UiE..CiJTIpif 

Figure 1 ; Fe-Ki binary diagram^ 

Figure 2(a) : Effect of heat treatment on initial 

permeability of Fe-Hi alloys^^^. 

(b) : Maximum permeability of Fe-Fi alios?"!? due 

to different heat treatments^ 

Figure 3 ; (B-H) vs. H curves for Fi single crystal 

measured along different crvatalloyranhic 
f *5) 

directions ^* 

( 7 ) 

Figure 4(a) ; (111) pole figure for 96.6 pet. OR copper^ 

(7) 

(b) : (200) pole figure for 96.6 pet. OR copper . 

Figure 5(a) : (111) pole figure for annealed copper with 

cube texture^ . 

(b) ; (200) pole figure for annealed copper with 

( 6 ) 

cube texture^ . 
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1.2.2.2 Effect of impu ri ties on textur e_ o f pe rmalloys 

Savitski^^^^ studied the effect of impurities, like 

S (0.025 pet.), oxygen (0.015 pet.) Si (0.025 pet.) and 

Mn (0.5 pet. ahd 1 pet.) in 50 permalloy on the annealing 

tem-p"nature range in which good magnetic properties (good 

loop squaP'eness, low H , high incremental permeability and 

c 

high saturation induction)could be achieved. This study 
reveals that only Mn addition is beneficial and gives wide 
range of permissible annealing temperature while Si or 
oxygen additions tends to narrow the annealing temperature 
range. 

(13) 

Colling and Aspden' ^ found that high permeability 
in 49 permalloy could be achieved only if S content was 
kept below 12 ppm. Study on the effect of Si on ’he sharpness 
of cube texture producedrevealed that th'-- rolled sheet 
thickness between 0.004” to 0.006” produced sharp cube texture 
in permalloys containing 0.028 wt. pet. Si whereas still, 
Smaller thickness of 0.002 to 0.003’'produced similar 
sharpness in an alloy containing 0.67 wt. pet. Si (Eig. 6). 

1.2.2.3 Ma£neti£^Annealing 

Magnetic annealing plays an important role in 
improving the magnetic pi'operties of magnetic materials. 

In this treatment, annealing is done under a small magnetic 
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field at a temperature little higher than oi’ just below ■'he 

curie temperature of the material. This treatment was first 

employed by Kelsall^^^^ for 78.5 permalloys. In Pe-lTi alloys, 

[lOO] oriented material shows good response to this treatment 

whereas [lllj oriented material does not appear to respond 

fl5') 

to this treatment^ . Therefore this treatment is expected 
to improve the magnetic properties of cube textured Pe-Ni 
al3.oys. Magnetic annealing has been carried out mostly on 
Pe-hi alloys. Ma-'-imum permeability of a 65 permalloy has 
been found to increase from 10000 to 250000 by heating to 
700°C and cooling slowly in a field of 15 Martin and 

Kang^^'’^ employed this treatment for 55-58 permalloys (Pigs, 
7 -9) and found that permeability increased and magnetostriction 
decreased due to magnetic annealing. This has been attributed 
to short range ordering of atom pairs in Fe'-I?i alloys. In 
Pig. 9 initial permeability of 58 permalloy has a peak at 
470°C and shows a decreased E-H loop squareness with increasing 
magnetic annealing temperature. 

G u-bearing Permalloys 

Phase diagram of Pe-Ki~Cu alloys near room tempera¬ 
ture is indicated in Pig. 10. Single phase y-region extends 
from 55 to 100 pet. Ni on the Pe-li side whereas it exi'sts 
in the■whole region on Ni-Cu side. In the central portion of 
the diagram, the solid solution alloys break up into two 
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Figure 6 


Figure 7 


Figure 8 


Figure 9 


FIGUSB_.CA?TIpI 

t Quality of cube texture produced in 50 perat- 
alloy as a function of rolled grain thickness. 
(a) Fe-iTi alloy ■^’'ith 0.02*^ pet. Si, (B) 

Fe-M allos^ with 0.67 pet. Si^^\ 

5 Permeability vs. flux density Civ. rv e s ^ 0 r 

58 permalloys; (A) After primary heat treat¬ 
ment at 1200°C, (3) After subseqtient magnetic 
annealing at 470°C and (C) a conventional 
50 permalloy^^^^ 

; Magnetostriction vs flux density curves for 
53 permalloy; (A) After magnetic annealing 
at 450°C and (B) before magnetic annealing 
(after primary annealing at 1200 °C)^^^^. 

; Initial permeability and squareness vs. 

temperature of magnetic annealing for 58 
fis") 

permalloys^ 




Fig. 6 
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“Phases, one phase rich in Gu content whereas the other 
phase is rich in Pe and tTi. This decomposition can he 
supressed to some extent by quenching the alloy from high 
temperature. Curie temperature and saturation induction of 
permalloys decrease with increase in copper content. The 
curie points for various quenched alloys are indicated in 
Pig. 10. Addition of Cu to Pe-Hi alloys increases the 
electrical resistivity only to a small extent. Muller 
indicates that the Pe-STi Cu alloys can be given rae^hanical 
and thermal treatments to develop cube texture over wide range 
of composition (Pig. 12). 

1.3.1 i^T metal 

Miunetal is an alloy in the series of Pe-Ni-Cu alloys 
which is most widely used. Original |.i-meta3. contains 5 wt. pet. 
Cu, 75 wt. pet. M and rest Fe whereas some commercial 
p-metals contain upto about 2 pet. Or and'^ 1 wt. pet. Mh along 
with 5 wt. pet. Cu and 75 wt. pet. Ni. Permeability of copper 
containing permalloys increases with increase in Cu content 
and has the highest permeability with Cu content of 10 to 
18 wt. pet, (Fig. 13)for the quenched alloy containing 
27 wt. pet. Cu, 60 wt. pet. I'li and rest Pe was found to be 
0.025 Oe^^^^. 



20 


Some work has been done in I.I.T. Kanpur on Cu- 

bearing permalloys containing 5 pet. and 14 pet. Cu. This 

stud3^ has reveal.ed that on air cooling after hot rolling the 

alloys containing Mn (usually added for imparting ductility 

to the Pe-Ni alloys) in excess of 0.5 pet, causes brittleness 

especially for the higher Ou containing alloys. On reheating 

the hot rolled strips to 800^0 and quenching it in water the 

alloys were found to become more ductile. This indicates 

that addition of Gu and Ito possibly cause enhancement of 

ordering reaction that exists in the Fe-Ei system. Svestka 
( 22 ) 

and Tischer^ ^ also found the optimum Mn content in the 

range of 0.3 ~ 0.5 pet. at baking temperature of 500-550°C 

for ensuring good hot workability/ of p^-metal containing If wt 

pet. Ei - 2 wt. pet. Cr - 5 wt. pet. Cu ~ rest Fe (Fig. 11). 

( 23 ) 

D.J. Snee^ studied the effect of cooling rate and compcusition 
on the initial permeability (p^) of p-metal containing 
1-3 pet. Cr, 5 pet. Cu, 74-77 pet. Ei and rest Pe (Pig. 14). 
Cooling rate of 92°C/hour was found to be optimum for alloys 
containing 75.5-76.5 pet. Ei, 2-2.9 pet. Cr, 5 pet. Cu and 
rest Pe. For fired Ei content, optimum cooling rate increases 
with decreasing Cr content whereas for given Cr content, 
cooling rate increases with increase in Ei content. 

In the Pe-Cu-Ei alloy series, Isoperm is another alloy 
in which Ei content varies from 40 to 50 wt. pet. and Cu 
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content varies from few percent to a maximum of about 

15 wt. pet. Cu. At Fe; Ki = 1:1, the H is low ar.f’ remains 

o 

more or less the same upto about 18 pet. Cv. anc? theij# 
increases rapidally with increase in copper content (Fi.g. 15). 
Copper bearing permalloys appear to respond to the permalloy 
treatment, high is obtained by permalloy treatment at lower 
copper contents than when furnace cooled (Fig. 16). 

1*5.2 .Fe- Ii-C u-Mo . alloys 

Pe-Fi-Cu-Mo phase diagram is not available but the 

magnetic chai’acteristics of some of these alloys are available . 

(2 5) 

Pig. 17 summarizes'^ the composition dependence of the 
magneto crystalline anisotropy constant K'j. and of the saturation 
magnetostriction constant X . Copper may be substituted for 
Pe without significant alteration of the ;= 0 line. Away from 
this line, however, the absolute value of decreases with 
Cu and Mo additions. Addition of Cu and Mo reduces the 
saturation magnetization and Curie temperature. Increasing 
Mo lowers the cooling rate necessary to obtain =0 (Pig. 

17). The K 2 _ = 0 line is highly sensitive to cooling rate 
or isothermal annealing, in the region of 500 to 600°C. The 
^ = 0 lines are essentially independent of Fi content but 
highly dependent on Cu. The single crystal ^]_qq = 0 and 

= 0 lines differ by about 2 pet. M and are not as much 
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FI&URE CAPTIOM 


Figure 10 ; 


Figure 11 % 


Figure 12 ; 


Figure 13 ' : 

Figure 14 i 


Figure 15 ; 


Figure 16 ; 


Fe-Ni-Cu ternary diagram showing curie 
points^ ^, 

Permeability (p,^) dependence on Mn content 
of 76 pet. Ni, 2 pet. Or, 5 pet. Cu, 1? pet. 

, Fe alloy at various baking temperatures^. 
Re crystallization textures in Fe-Ni-Cu 
alloys^ 

Initial permeability curves in Fe-Ui-Cu 
ternary diagram^ 

Effect of cooling rate and composition of 
76 pet. Ei, 2.6 pet. Or, 5 pet. Cu, 16.4 pet. 
Fe alloys on initial permeability^ ^. 
Increase of coerecive force with pet. Ou in 
Fe-Ei alloy (annealed at 90C°G)^^'^^. 

Highest initial permeabilities of Fe-Ei-Cu 
alloys at given Gu contents^. 
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influenced by the cooling rate/is the % = 0 line. "X tends to¬ 
ward isotropy, with increasing cooling rate. 

It was found^ that the cooling rate and bake temne- 
nature are functions of Pe, Cu and Mo contents. As the 
content of Fe-Ni-Cu-Mo alloy decreases, faster cooling rate 
is required to develop high permeability. Addition of Cu and 
Mo increases permeability of Fe-Ki alloys. Addition of 
Cu and Mo to Fe-ETi alloys is expected to lower down oi’der- 
disorder temperature^^^^. The magnitude and sign of first 
anisotropy constant at room temperature of alloy containing 
77 pet. Hi - 14 pet. Fe - 5 pet. Cu - 4 pet. Mo by weight 
are shown to be dependent on the degree of short range order. 
Among Mo and Cu bearing permalloys, the only remarkable one 
is the 1040 alloy which was first discovered by Fetananm 1934. 
It contains 14 pet. Cu, 3 pet. Mo, 72 pet. Fi and rest iron. 

The most remarkable property of this alloy;-: is the high 

of about 40000, compared to 4-79 Mo permalloy. 

. -27) 

Major and Martin' found the improvements in magnetic 
properties of, cube textured alloys containing 13.95 w+. nct.Fe, 
4.86 wt. pet. Cu, 4.20 wt. pet. Mo and balance Mi over a 
randomly oriented alloy of same compositions (Figs. 13-21). 

It was concluded that secondary recrystallization could be 
obtained by first annealing the 0.1” thick sheet and then cold 
rolling to 0.006'' and 0.004''in order to give 94 pet. and 
96 pet. cold reduction respectively. 
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FIGURE CAPTION 


Figure 17 


Figure 18 


Figure 19 


Figure 20 


Figure 2l 


: Nickel comer of Ni-Fe-Mo alloys in which Gu 

is substituted for Fe. Line A alloys are 

f 2 S) 

hi^ly responsive to magnetic annealing^ 
Permeability at 40G vs. annealing temperature 
curves for oriented and random samples of 
94 pet. cold rolled alloy containing 15.95 pet. 
Fe, 4.86 pet. Cu, 4.20 pet. Mo, bal. Ni^^"^^. 

; Permeability at 40 G vs annealing temperature 
curves for oriented and random samples of 96 pet. 
eold rolled alloy eontaining 13.95 pet. Fe, 

4.86 pot. Cu, 4.20 pot. Mo, bal.Ni^^'^^. 

; Squareness ratio vs annealing temperature 
ourves for oriented and random samples of 
94 pot. cold rolled alloy containing 13.'95 pot. 
Fe, 4.86 pet. Cu, 4.20 pet. Mo, bal. Ni^^'^^ 

; Squareness ratio vs. annealing temperature 
curves for oriented and random samples of 
96 pet. cold rolled alloy containing 13.95 pot. 

Fe, 4.86 pet. Cu, 4.20 pet. Mo, bal, Ni^^'^^. 
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S tatement of the Prohlgm 

The literature review presented in "orevious sections 
indicates that the magnetic properties o'- permalloys can "he 
improved through the development of perfect cube +:e''-ture and 
through suitable heat treatments e.g, magnetic annealing or 
controlled cooling etc. The development of tevtured magnetic 
materials thus can be divided in two parts - (1) development 
of magnetic nue-terial through the development and perfection 
of cube te7:ture in permahloys and (2) development of better 
magnetic properties in textured permalloys through suitable 
heat treatment. The peroialloys chosen for this study are 
the copper bearing permalloys and it was decided to attei 2 i)t 
development of strong cube texture in these alloys first 
before attempting to improve the magaotic properties by 
heat treatment. 

Alloys chosen for the present study are 5 pet. Cu 

and 14 pet. Cu containing 75 pet. hi-Pe alloys with small 

additions (upto 2 pet.) of Ti and Or. Based on the results 

f?8) 

obtained by Sarkar^’ for the 48 permalloy, the alloys are 
to be cold rolled with pet, reduction in thickness varjring 
between 95 pet. to 98 pet. and the annealing is nroTiosed to 
be done at a fixed: temperature of 1050°C for varying lengths 
of time using argon or hydrogen atmosphere. After developing 
proper texture in these alloys, it is proposed to study the 
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magnetic properties of the textured alloys by using a 
vibrating sample magnetometer and a permeameter. An attempt 
will also be made to improve the magnetic iJroperties through 
treatments like magnetic coolin;g and controlled quenching 


treatments. 



CHiLPTER II 


ezperiiieital procedure 
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EXPlRIIffilTAL PROOEDiniE 

The present study has "been made with copper bearing 
Fe~Ni alloys containing small amounts .of additional alloying 
elements Or and Ti. The intended composition of the alloys 
used for this study are shown in Table II. The experimental 
procedure adopted for this study is given in detail in the 
follov/ing sections. 

II. 1 A ll o y P r e p ax a t jo n 

Alloys were prepared using 99-9 pet. pure Pe, M and 
Ou supplied by Semi Elements, USA, 99.9 pet. pure Or supplied 
by Union Carbide, USA and Ti chips supplied by B.ARC , Bombay. 
Allloys were melted in a 6 kilo-watt Ajax induction melting 
imit fitted with a sealed end quartz tube melting chamber. 
About 200 gms of each alloy was melted in argon atmosphere 
using recrystallized alumina crucibles. A graphite cruicible 
with gx'aphite cover was used as susceptor. Before melting 
the furnace chamber was evacuated to about 50p. of Hg and 
flushed with argon. This process was repeated twice to 
drive out air from the melting chamber. Since the melting 
point of the alloys were in the range of 1450° to 1475°C, 
therefore, the temperature of the charge was raised upto 
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1500—1550'^C. The melt was allowed to solidify in the 
cruicihle itself. Ingots thus obtained were of about 1' ' dia 
and about 2-|-" long and usua.lly had surface blow holes. 

Melting losses in all cases were found to be in the range of 
0.2 to 0.4 pet. Before further processing, the ingots were 
turned to remove the surface blow holes. The ingots were 
homogenized at 1150^ to 1175^0 for 1 hour. The homogenized 
alloys were chemically analysed to findout chemical composition 
which are hhown in Table III. The intended and actual 
composition for all alloys ezeept one alloy vrere found 
reasonably close to each other. The alloy/was fouiid to 
contain larger amount of copper than intended. This is possibly 
due to accidental improper weighing out of copper for the 
charge for melting. 

II.2 Fab rica tion o f al loys 
II. 2.1 Hot_Rolling 

In order to break the cast striicture and reduce the 
the thickness, each ingot was hot rolled. The ingots were 
soaked at temperatures between 1150 and 1175^0 for 1 hour and 
then hot rolled in order to avoid cracking of specimens. In 
the initial stages, two to three passes were allowed after 
each soaking but later on when sample thickness was reduced. 
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Table II : Alloy designation for different On. bearing 
permalloys 


Alloy designation is given as a™ pn 

where a = P,Q,R, etc. signify nominal alloy composition 

p = a,b,c,d, ... etc. signify pet. reduction in 

tliickness 

m = 0,1,2, .... etc. signify melt number 

n = 0,1,2 ,3,4,.... etc. signify hrs of anneal of 

cold rolled strips at 1050°C 

Alloy designation followed by (H2) indicates hydrogen 
anneal. If nothing is mentioned after alloy designation, it 
indicates argon anneal. 

Pet. reduction in thickness for different designation of p 


pet, reduction in thickness 

95 96 97 98 99 


p a b c d e 



Table II (Contd.) 

Nominal alloy composition for different designations of 


ct 

Alloy 

element 

content 

(nominal) 

in wt. 

pet. 

Ni 

Mn 

Gu 

Or 

Ti 

Pe 

p 

75 

0.5 

5 

- 

- 

19.5 

R 

75 , 

0.5 

14 

- 

- 

10.5 

T 

75 

0.5 

5 

2 

- 

17w5 

U 

75 

0.5 

5 


2 

17.5 

V 

75 

0.5 

5 

1 

1 

17.5 

¥ 

75 

0.5 

14 

1 

1 

8.5 

X 

75 

0.5 

10 

- 

2 

12.5 

Y 

75 

0.5 

14 

— 

2 

8.5 
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Table III: Analysed Ghemical Composition of Cu bearing 
Permalloys. 


Ble“\^ 
ment ^ 
in Wt. 

Alloy desi“ T° 
gnation 

_ 

IT° 


t'- 

' 4 ^ 


Y° 

Pe 


18.0 

19.5 

18.5 

18.0 

18.7 

9.6 

9.0 

Cu 


4.7 

4.5 

4.9 

4.5 

11.0 

15.0 

12.8 

Ti 


- ') 

■ 1*5 

0,9 

0.9 

1.45 

0.9 

1.7 

Cr 


1.9 

- 

0.8 

0.8 

- 

0.78 

- 

Mn 


0.55 

0.54 

0.53 

0.55 

0.55 

0.55 

0.55 

Fi'P 


74.85 

73.96V7-4.57 

75.25 

68.5 

75.17 

75.95 

'P Hi 

content 

is obtained by difference. 





XX Intended composition of is same as of alloy but the 
actual chemical analysis of this alloy (X°) has irPicated 
higher Gu contBnt. (11.0 pet.) possibly due to improper 
weighing of copper in the alloy charge. 
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not more than one pass was allowed after each soaking of 
about 15~20 minutes. This procedure was found to produce hot 
rolled slab without cracks. RiaLduction per pass varierT between 
0.02" and 0.01" . Final thickness of hot roUet^ slabs of 
different alloys varied according to the final net. age cold 
reduction desired and the final sheet thickness desired. 

The final hot rolled thickness of different specimens are 
shown in Table IV. After attaining the final hot rolled 
thickness, the hot rolled slabs were heated for 10“15 minutes 
at 1000°0 and quenched in cold water. 

II.2.2 Gold Rol ling 

The water quenched hot rolled slabs were first cleaned 
with coarse emergy paper in order to remove thin oxide layer 
formed on the surface during hot rolling. The edges were 
ground off to remove the side cracks. Cold rolling was done 
at room temperature. The minimum thickness of the specimen 
which was attained after cold rolling as a single sheet was 
in the range of 0.010-0-^011 ’Further reduction in thickness 
was done by pack rolling i. e. rolling three strips together. 
The final cold rolled, thickness of sheets varied between 
0.0035" to 0.005" according to the desired pet. age cold 
reduction. The starting and final thickness alongwith pet. 
reduction of each specimen is shown in Table IV. Thickness 
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of hof rolled slabs, where it was more than tha,t was required, 
were reduced to the required value by grinding the surface 
of hot rolled slabs. Pinal cold reduction in thickness 
varied in the range of 96--98 pet. 

II. 5. 

II. 3.1 Mechanic a l. ^T est i ng 

Mechanical properties play important role in snverning 

the workability of the material. Thei’efore mechanical properties 

were found out using Instron 1195 mechanical testing machine. 

Cold rolled sheets of 0.04” thickness were annealed at 1050°C 

for 1 hour before preparing the test specimens. The 

dimensions of the test specimens used are shown in Pig. 25. 

G-auge length used was 0.7B7" (20 mm). The load elylfongation 
drawn 

diagram was/automatically on a strip chart recorder and the 
total elongation was also noted from the dial of the testing 
machine. Using this plot, various properties like pet. 
elongation, total elongation, proof stress and ultimate 
tensile stress were found out for each specimen. 

II.3.2 Electrical Ee sisti yity Meas urement 

Hi^er is the electrical resistivity of a soft magnetic 
alloy lower will be its eddy current loss. Hence it is an 
important property of soft magnetic alloya which should be 
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Table 

IT 

; Hot and cold rolled thickness of alloy strips 

Alloy 

Designa¬ 

tion 

Hot rolled 
thickness^ 

(inch) 

S2.iL.^?P.lle.dtthickness_,____ 

Initial (inch) Piriai "(inchT” 

T°b 


0.132 

0.124 

0.005 

o 

o 


0.132 

0.120 

0.0035 

U°b 


0.138 

0.124 

0.005 

U^c 


0.138 

0.120 

0.0035 

V°b 


0.130 

0.121 

0.0048 

V°c 


0.130 

0-120 

0.0036 

7J^d 


0.165 

0.165 

0.0033 

X^d 


0.176 

0.175 

0.0035 

¥°b 


0.163 

0.125 

0.005 

¥°c 


0.163 

0.160 

0.0043 

Y°b 


0.160 

0.125 

0.005 

I^c 


0.160 

0.160 

0.0048 

cp Hot 

rolled between 

1050° .to 1150°C. 



+ Cold rolling done at room temperature. 
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determined. About 3” long and 0.05” wide specimens were cut 
out from cold rolled sheets. The specimens were sealed in 
evacuated fused silica capsules and annealed at 950°C for 
Y hour. Surface of annealed specimens were cleaned with 
emery paper and etched with 1 pet. HITO^ solution. 

Specimen holder used for putting the resistivity 
specimens is shown in fig. 22. Current through the specimens 
Was standardized through the meas-urement of potential drop 
across a IIBS standard resistances. Voltage drop a.cross 
the specimen was measured to find out the electrical 
resistance of each specimen. A Leeds and Northrup Type K-3 
Universal Potentiometer and Keithley Null Detector were used 
in measuring the potential and getting the null point 
respectively. 

11.3*3 piffer ent ial Thermal A na l y sis (DT4) 

’fi/hen disordering of atoms takes place in a chemically 
ordered alloy, there itS absorption of energy. This fact 
has been utilized in an attempt to determine the order-disorder 
temperature of Cu-bearing permalloys. Samples of cylindrical 
shape of 0.1” dia. and 0.2 •' long were prepared. An axial 
blank hole was made in each specimen so that it could sit 
on the thermocouple tip properly. Since for DTA work, one 
standard alloy is required in which no energy absorption or 
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evolution takes place, a 90 at. pet. 10 at pet. Or alloy 

was considered as a standard specimen "because it does not 
show any type of transformation above 100°C (its curie 
temperature "being close to room temperature). 

Since the alloys had various amounts of alloying 
elements and that the alloying elements may lower the transi¬ 
tion temperatTire of alloys, especially for those containing 
higher amounts of Cu, it was necessary to give long heat 
treatment to the alloys. To ensure that the alloys have 
sufficient chance to go through ordering reaction a stepwise 
lower temperature annealing schedule was used.. The alloys 
were annealed in evacuated and sealed fused silicate tu'bes 
at 950°C for 2 hrs. and then it was followed by a step anneals 
450°C for 406 hrs.*-~^400^0 for 170 hrs—5"-350°C fo^" 490 hrs. 

—i?>250°C for 250 hrs. and finally the alloys were cooled in 
air without breaking the vacuum seal. These specimens were 
used after thorou^ cleaning of the specimens (especially 
the blank hole) for DTA work. A locally fabricated DTA 
apparatus was used for measuring order-disorder temperature. 
DTA specimen together with the standard specimens were heated 
in an air-tight furnace tube in purified argon atmosphere. 

Gas flow rate was controlled to 2-5 bubbles per minute. The 
emf of the (Pt vs Pt-10 pet. Eh) differential thermocouple 
was fed to a L and R" microvolt amplifier and recorded in an 
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Omniscribe two pe?i strip chart recorder. A Pt vs Pt-lO ret. Rh 
thermocouple was used for specimen temperature measurement and 
for controlling the heating rate. The temperature measuring 
thermocouple was connected to the second pen of the recorder 
to serve both these purposes. The furnace was heated up at 
the rate of minute using Indotherm 457 programmer- 
controller . 

II. 4.1 Heat_ Treatment 

The cold rolled strips were cut into about l-^’ ' long 
X about l^"wide size. These strips were annea3.ed in flowing 
purified argon gas using the furnace sliovm in Rig. 23. 

Annealing temperature employed for all cases was 1050 + 2°C 
and annealing time varied from 1 to 6 hours. After the 
furnace attained the desired temperature the specimens were 
loaded on the specimen tray and kept at the cooler nert of 
the furnace. The furnace tube was evacuated to OOp of Hg 
and then it was flushed T-Jlth argon gas. This procedure was 
repeated three four times and then finally gas was allowed 
to flow at the rate of 2 to 3 bubbles per minute. The 
specimen was then pushed into the hot zone and the time was 
noted. At the end of the desired annealing time, the specimen 
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tray was pulled out into the cooler region of the furnace 
without stopping the gas flow and it wa,s kept there for 10 to 
15 minutes before the furnace tube was opened to air for 
talcing out the annealed specimens. Some specimens weVe also 
annealed in purified hydrogen gas in order to study the 
effect of annealing environment on the texture development, 

Por this purpose a Hydrogen-Aron gas purification train 
(Pig. 24) was used. 

11.4.2 Texture det ermin at ion 

The texture produced after cold rolling and after 

annealing was studied using a transmission texture 
(31) 

goniometer^ , Since this technique needed uniformly thinned 

specimens^ each specimen was thinned to the desired thickness 

of 0.002*' using a chemical thinning solution a mixture of 

(2S) 

cone. HNO^ and 5 pet. HP in 8:1 ra.tio'- . Thinning of 
specimens to the desired thickness took 8-10 minutes for 
each specimen and the variation in thickness was well within 
0.0002 ’* . 


11.4.2.1 Pet erniina t iOfi_o. f 

Since Bragg angle for (hkl) reflection (Qy, -^-^ ) is 
required for fixing the position of scintillation counter at 
^^hkl calculating intensity correction factor, ^hkl 
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Eigure 22 

Figure 23 
Figure 24 


Electrical resistivity measuring specimen 
holder. 

: Heat treatment furnace, 

5 Hydrogen gas purification train and Argon 
and Hydrogen gas mixer arrangement. 




Eiectrical resistjvity measuring specimen holder. 
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was determined for each alloy using z-ray diffractometer. 

For the present study (111) nole figures were needed and 
hence ^^.ll each alloy was determined. Specimens for this 
purpose were prepared by using powder obtained by filing 
each alloy with a ;ieweller's file and annealing the x->o'wder 
at 950 C for 30 minutes. Mo-radiation was used to determine 
©111 because the same radiation was chosen for texture 
study. Value of was also used for calculating density 

for each alloy. 


II.4.2.2 .P.e..tgrjii.ination of ut.o f spec imen using Mo—radiation 


lit valiie, where (i is the linear absorption coefficient 

for z-rays for a specimen and t is the specimen thickness, 

(31) 

is required for calctilating intensity correction factor'- 
The intensity correction is needed because due to rotation 
of specimen, there is change in path length of z-rays and 
volume of material is not also uniform. ut of each specimen 
was determined by using a strong diffracted beam from a 
pax-maquartz specimen (2© = 12.09°) . The intensity of the 
diffracted x-ray beam with and without the specimen in the 
path of the diffracted x-ray beam was measured. Using the 
formula^I^ = ezp (- p-t) , where is the intensity of 

diffracted beam without the specimen in its path and I^ is 
the intensity of the transmitted beam through the specimen, 
for each alloy was calculated. 
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Table 7 


Diffractometer conditions used for 
determination 


texture 


Radiation 
Counter 
Voltage 
impere 

Slit system at the source 
Slit system at the counter 

Scalar counting time 
Filter used 


MoE 

a 

Scintillation counter 
45 KY 
15 mi 

5° MR solan slit 

FIR sollarslit with 0 . 2 ° 
receiving slit 

40 seconds 
Zr filter 
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1 . 4 . 2.3 


E,S 1 e„. t §r mi na t i 



The counter was fixed at the correct 29^^^ angle for 
the sample to receive the diffracted beam corresponding to 
the (111) reflection. The specimen in the goniometer was 
positioned initially with the rolling direction vertical i.e. 
concident with the diffractometer axis and with the plane o:^ 
the specimen bisecting the angle between the incident and 
diffracted beams^^®^. This corresponded to a = 0° and 
0=0^^. The diffractometer conditions used for measurement 
of intensity of diffracted beam is given in Table Y. 

Intensity of diffracted beam from the specimen was 
recorded manually for each rotation of specimen around the 
vertical axis of the goniometer (a) and around the normal 
to the rolling plane (0). The value of a varied from 0^ to 
50° and the value of 0 varied from 0° to 90°. Int'^nsity 
readings were taken at intervals of 5° for both 0 end a 
rotations. Intensity of (111) reflection was recorded for 
40 seconds. Since the counter shoiild not be exposed to 
strong radiations (i.e. counts should not exceed 10000 CPS) 
and for the alloys studied the intensity values often exceeded 


this limit, intensity control of diffracted beam was necessary. 
Besides controlling KY and mA of the x-ray tube, a Zr filter 
was always used in the path of the diffracted beam. This 
not only reduced the counts to the desired limit but also 



rGducsd scs.’fc'tiGi’ in ijli© ds-ia "by ©liniina'fcin^ "CiiG scp’fc'tGi’sd 

nadiaiions incidGni on ihG connij©r, Tli© i*©cordGd iniGnsiiiv 

daia were corrected using correction factor ta.ble given by 
f 8') 

Sarkar . ITor cold rolled texture corrected intensity was 
divided by 10 and then these values were plotted on polar 
net drawn at 2^ intervals whereas for annealed texture each 
corrected intensity value was divided by the smallest 
corrected intensity in the investigated part of pole figure, 
then this relative intensity was plotted on polar net. 

Contoor lines passing through equiintensity points were drawn 
in the pole figure to indicate pole densities. The pole 
figures were interpretted wi1h the help of available standard 
projections for cubic crystals. 

II.5 Magn etic Tests 

II.5.1 Curie Temperature (T ) measurement 

It is well known that ferromagnetic materials become 
paramagnetic above curie temperature. This fact was utilized 
in measuring T.. Specimen 0.1’’dia. x 0.125'’long was 
heated in a heater assembly of PAR model 15D A vibrating 
sample magnetometer attached to an electromagnet. Current was 
fed to the heater assembly using a IG regulated Power supply 
i0-30Y, 5A) . Heating rate used was 5°C to 5°C per minute. 

The furnace chamber was evacuated below 0.2p, of Hg before the 
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specimen was heated up. The curve between M and T was 
recorded automatically using a x-y recorder. The existing 
heater assembly could be heated upto about 550°C only. 

Curie temperature determination was done in the resi-^ual 
field ('*^40 Oe) of the electromagnet. 

11.5.2 Magnetic. Me asureme n t 

11.5.2.1 Magnetic .jaeasureEients using PAR model 150 A vib rating 
sample magne'tometer " 

The existing power supply for the electromagnet 

attached with the PAR vibrating sample magnetometer was found 

to be su.itable for large magnetic fields. It was not possible 

to use it for small field strength adjustments needed for 

the soft magnetic materials like permalloys. Therefore, a 

separate DC regulated power supply having 0-30V, 5A ranges 

with fine control of current (minimum possible current 

Was used to ~ 

adjustment of about 10 mA)Zenergise the magnet. Using this 
power supply, it was possible to increase the magnetic field 
at intervals of about 4 ©e. About ll current was sufficient 
to get 500 0 field. A differential GausSmete?- having a 
minimum range of 50 -Q, full scale and a maximum range of 
25 K was used to record the magnetic field. Least count 
of the gauss meter used was 1 0^, 

The magnetic measurement using the magietometer was 
carried out for annealed specimens and for quenched specimens. 
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Annealed specimens of 1/8" long x 1/8” wide size were cut 
along the rolling direction from the specimens used for texture 
determination. At first the most suitable temperature for 
quenching of each alloy specimen was determined. The 
specimens were sealed in evacu.ated pyrex tube; annealed at 
10°C interval for 45 mts at various tempe'-atures in the range 
between T and'T + 50°C and cooled in three different 

w O 

ways (i) quenched in water (ii) air cooled and (iii) quenched 

in water at 85°C. The relative value of B during magnetisation 

of the specimen was found using a solenoid and fluxmeter. 

These quenching experiments indicated the best quenching 

temperature to be T + 10°C and cooling rate corresponding 

c 

to hot water (85°C) quenching. Therefore one specimen of 
each alloy was annealed at a temperature 10°C above T of 
the specimen and then it was quenched in hot water at 85'^^C. 

This specimen was also used for magnetic measurements. 

The specimens were placed between the electromagnets 
in such a way that the rolling direction becomes parallel to 
the magnetic field of the electromagnet. Before putting 
the specimen in the magnetometer, the magnetic field was 
increased slowly to 500 and then the cxjrrent was slowly 
reduced, to zero value. This gave in each case a residual 
field of about 40 0 . The specimen was then nlared b,-^tween 
the electromagnets and the magnetic moment value during the 
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magne'tisation. of speciiron was recorded manually with 
increasing magnetic field. After reaching 500 « field 
strength, the magnet current was reduced slowly to note down 
the magnetic moment values during the demagnetization cycle. 
After reaching the residual field, the magnet current 
direction was reversed and the demagnetisation cycle was 
continued to - 100 6^ field strength. For most of the cases 
no further data was obtained. For a few specimens, however, 
a complete B-H loop was determined. 

II. 5.2.2 Magne tic measurement nsing 

The specimen used for magnetometer was too small and 
hence it may not give representative magnetic properties of 
a larger annealed sheet. Therefore a permeameter was fabricated 
so that a single sheet specimens of 4" long x 0.354’’ wide 
can be used for magnetic tests. There are three coils in the 
permeater - a magnetising coil, a H coil and a B coil. The 
current is fed to the magnetising coil using a regulated DC 
Power supply. The minimum field strength possible to obtain 
with the permeater was 0.2 and the maximum field strength 

Was 70 6 . Based on the texture data obtained for the 

© 

different specimens, 4" long x 0.354" wide strips\."were cut 
from the cold rolled sheets which gave the best annealed 
textures. These strips were annealed at 1050°C for the 
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required annealing periods for w'-ich the best textures were 
produced in each of the alloys. After setting the specimen 
in the B coil of the permeameter specimen holder the permeater 
was first demagnetised to give zero residual field. The 
specimen was then magnetised by increasing the current in the 
magnetising coil and after attaining maximum field strength 
the specimen demagnetisation was done. Both the magnetisation 
and demagnetisation curves were obtained. The magnetic 
induction (B) due to the specimen was obtained by using 
RBL 803 Bluxmeter. 

II. 5.3 Magnetise cooling 

A preliminery magnetic cooling treatment was carried out 
to find the response of Cu bearing permalloys to ma.gnetic 
cooling. Por this purpose, annealed strips used for permea¬ 
meter measurements were heated to 700°C in flowing argon 
gas and then the furnace was switched off at 700°C. The 
specimens were cooled in the magnetic field of 8 0^ from 
700°C to 250°G. After this the specimens were pulled out 
in the cooler parts of the furna.ee and were allowed to cool 
to room temperature in presence of the magnetic field. 

These specimens cooled in magnetic field were used for 
determination of magnetisation and demagnetisation curves 
using the permeameter. 



OHAPTIR III 


RESUITS 
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OHAPTT^R III 
RESULTS 

Copper bearing permalloys having intended compositicns 
mentioned in Table II were prepared by indtiction melting and 
then processed through hot rolling and cold rolling followed 
by annealing in controlled atmosphere. Processing details 
have been presented in an earlier chapter (Table IF). The 
experimental results obtained through physical property 
measurements, texture determination and magnetic measurements 
have been described in the following sections. 

111.1 Physical property measurement 

111.1.1 Density 

Density of each alloy was calculated on the basis of 
the actual chemical composition and the measured 2©^^ angle 
determined for each alloy. Calculated density values have been 
tabulated in Table YII. The calculated density of T*^ alloy 
(8.61 gm/cm ) is very close to 8.58 gm/cm as quoted by 
Bozorth^^^^. Density of 5 pet. Cu containing alloys ranges 
between 8.6 and 8.7 gm/cm^ whereas the density of 14 pet. Ou 
containing alloys is more, ranging heimeen 8.91 and 9.93 
gm/cm^ be cause of hi^er copper content. 
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111.1.2 Mechanical Test 

Mechanical properties for alloys studied are presented 
in Table VI. For one alloy, load-elongatinn diagram obtained 
during mechanical testing is also shown in Fig. 25. The 
nature of the load elongation curve is similar for all other 
alloys. Proof strength was calculated for 0.2 pet. elongation 
for each alloy specimen. Mechanical test data reveals that 
addition of Ti and Or to 5 pet. and 14 pet. Cu containing 
permalloys improves their pet. elongation compared to the 
alloys not having Ti or Or and thus makes these alloys more 
ductile. 

111.1.3 Electrical Resistivity Measurement 

Electrical resistivity data for various alloys are 
presented in Table VII. Electrical resistivity plays an 
important role in minimising eddy current loss. The data 
presented in Table VII reveals that addition of Or increases 
the electrical resistivity of Cu bearing permalloys than when 
Ti is added. Electrical resistivity of 14 pet. Cu containing 
alloys is more compared to 5 pot. Cu containing alloys because 
of their larger Cu content. Since no data is available for 
copper bearing permalloys containing only 75 pet. Ni and 
5 pet. or 14 pet. Cu it is not possible to find the effect 
of Ti on the electrical resistivity of these alloys. 
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III. 1.4 Differential liiermal Analysis (DIA) 

DTA plots "between differential emf and temperature for 
all alloys did not show any peak indicating that no appreciable 
ordering could be produced through the step anneal. This may 
be because of two reasons.Since the ordering reaction in Pe-Ui 
system is very sluggish, it is possible that the addition of 
alloying elements like Ti and Or make the reaction still more 
sluggish so that not appreciable degree of order could be 
produced by the step anneal. It is also possible that the 
temperatures used and the corresponding times allowed a# 
each temperature was not sufficient for producing appreciable 
degree of order. These results thus indicate that practically 
no chemical order sets in the alloys during the processing 
of these alloys. 

III.1.5 Curie temneratures (T.). of Cu bearing perm all o ys 

T of different alloys investigated are presented in 
c 

Table VII'' . In the existing apparatus it was not possible to 
measure T^, above 550°C. of alloy containing 75 pot. Ui, 

25 pet. Pe is whereas T. of alloy containing 5 pot. 

Cu alongwith 75 pet. Kfi, 25 pet. Pe is found to be 530°C 
(Pig. 10). Data presented in Table VII indicate that addition 
of alloying elements sucii as Ti and Or decreases T^ fiorther. 
Addition of Cr to 5 pet. and 14 pot. Cu containing permalloys 
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FIGHEE 0apt low 

Figure 25 ; Load-elongation diagram for alloy. 

Figure 26 ; Gurie temperature plots for and y° 

alloy. 
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.a.xe VII : Properties 







Lattice 

parameter 

(a"") 

Density 

(gm/cm^) 

Electrical 
resistivity 
(p Jh cm) 

Curie 

tempera- 

ture 

(°c) 

3.55 

8.6 

66.3 

430 

3.54 

8.1 

40.-4 

489 

3.55 • 

8.6.,- 

49. 9 

458 

3.52 

8.9. 

58.3 

217 

3.53 

8.9.. 

47.6 

258 



been quoted by Bozorth*'^^^. 
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appears-to decrease to a larger extent‘than when Ti alone 

is added. A very large decrease (/^400°C) in T for the 

c 

14 Gu alloys containing- Ti and Gr is not wholly due to the 
large copper content of the alloys. On addition of 14 pet. Gu 

to I’e-75 Ni alloy, the estimated decrease in 1 is200^0 

c * 

Hence, a major part of the large decrease in of the 14 Gu 

alloys appears to be due to the small additions of fi and 
Cr. 


I'es^tu r e deve lo pment 


III.2.1 20 


Hi¬ 


de te rmination 


Bragg angle for (ill) reflection was determined for 
each alloy using x—ray diffractometer. The resifits are presented 
in Table 7II. The values of 20^21 between 19.9° and 

20.08°. As seen from the data, the variation of 20^2JL 
composition is not very large for the alloys studied. 


III.2.2 Texture determination 

Texture determination was done using a transmission 
texture goniometer. Gold rolled and annealed textures are 
generally presented as the pole figures showing the actual 
distribution of intensity of (111) reflection. Since 
different pole figures have to be compared, absolute intensity 
values have no real use. It is generally normalized relative 
to random specimen. But random specimen for transmission 
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"teciiniq.u6 is very difficull; io prepare, xlierefore relative 
intensity values were fouad out at different pole locations 
in pole figures using an other meiiiod (See Appendix I for the 
pole locations in pole figures). It has been found that for 
cold rolled textures the intensity value at location E remains 
constant (above a certain pet. reduction in thickness) with 
increase in pet. cold reduction^. Therefore, for the cold 
rolled textures the intensity values relative to that at 
location E have been tabulated in Table VIII. Pole figures 
showing cold rolled textures are shown in Pigs. 2? to 39, 

The annealed textures were studied after annealing the 
cold rolled strips at 10 50°C for different lengiiis of time. 

Pole figures for the annealed textures are shown in Figs. 40 
to 75. location 6 dn the pole figures of annealed textures 
indicate the intensity due to cube orientation. Intensity at 
location 7 or 8 is due to grains having twin orientetion 
relative to the cube oriented grains. In a well developed cube 
texture the intensity at locations 7 or 8 are always present- 
(Fig. 5). 5'or well developed cube texture the ratio of 
intensity at location 6 and location 7 or 8 should be very high. 
For example , in the case of pure copper this ratio is 40 ;1 
(Fig. 5). Thus to judge whether a strong cube texture has been 
produced or not this ratio of intensity between locatin 6 and 
location 7 or 8 may be used. In the present study the same 
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FIGURE GAPTTfi¥ 

Figure 2J : (ill) pole figure of 96 pet. GR 5Cu alloy 
(P°bO). 

Figure 28 : (ill) pole figure of 97 pet. OR 14Cu alloy 

(R°cO). 

Figure 29 ; (ill) pole figure of 96 pet. OR 5Cu alloy 

(I°bO). 

Figure 30 s (ill) pole figure of 97 pet. OR 5Cu alloy 
(I°cO). 

Figure 31 i (111) pole figure of 96 pot. OR 5Cu alloy 
(U°bO). 

Figure 32 : (ill) pole figure of 97 pet. OR 5Cu alloy 

(U°o0). 
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II&UHE CAPTIfW 


Figure 33 


Figure 34 


Figure 3 5 


Figure 36 


Figure 37 


Figure 38 


Figure 39 


: (111) pole figure of 96 pet. CR 5Cu alloy 

(V°bO). 

; (111) pole figure of 97 pet. OR 5Cu alloy 

(V°cO). 

; (111) pole figure of 98 pet. OR 50u alloy 

(V^dO). 

: (ill) pole figure of 96 pot. OR l4Cu alloy 

(W°bO). 

• (ill) pole figure of 97 pet. OR 14Cu alloy 

(W°rO). 

I (in) pole figure of 96 pot. CR 14Cu alloy 
(Y°bO). 

; (111) pole figure of 97 pet. OR 14Cu alloy 

(Y°cO). 
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Table VIII ; Effect of 


on cold roS^f 


Cu bearing p er-ralloys^ 


Alloy 

Designa¬ 

tion 

Relative 
different 
A B 

(ill) reflection intensity at 
-.i.9Rl§rJi5I?:§„.?.elative, to E 

6^ R E p”""“—■jV' 


Fig. 

No. 

P°bO 

0.55 

0.15 

0.49 

0.25 

1.00 

0.20 

0. 56 

0.15 

27 

T°bO 

0*56 

0.16 

0.60 

0.26 

1.00 

0.27 

0.56 

0.13 

29 

T°cO 

0.69 

0.18 

- 

-- 

1.00 

... 

0.68 

0.22 

50 

U°bO 

0.74 

0.22 

0.93 

0.22 

1.00 

- 

— 

0.26 

51 

ifcO 

0.70 

0.50 

■» 

- 

1.00 

0.40 

0. 60 


52 

V°bO 

0.47 


0.50 

0.21 

1.00 

0.26 

0.45 


55 

l°cO 

"1 

0.67 

- 

0.10 

- 

1.00 

0.30 

0.60 

— 

54 

irdo 

0.64 

- 

- 


1.00 


0.53 

0.13 

35 

X°dO 

0,61 

0.16 

- 

- 

1.00 

- 

0.46 

- 


R°cO 

0.65 

- 

0.76 

0.55 

1.00 

0.35 

0.65 

0.16 

28 

W°bO 

0.69 

0.11 

- 

- 

1.00 

- 

0.46 

— 

56 

¥°c0 

0.66 

0.14 


- 

1.00 

- 

0. 61 

- 

57 

I°bO 

0.57 

0-10 

- 

- 

1.00 

- 

0. 41 

.... 

58 

Y°cO 

0.58 

0.14 

- 

- 

i;oo 

.. 

0.45 


39 
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■PI&IIEE CAPTION 

Figure 40 ; (ill) pole figure of 96 pet. CR 5Cu alloy 

(P°b4} annealed at 1050°C for 4 hrs. 

Figure 41 ; (ill) pole figure of 97 pet. OR 14Cu alloy 

(R°o4) annealed at 1050°G for 4 hrs. 

Figure 42 i (ill) pole figure of 96 pet. CR 5Cu alloy 
(T°b2) annealed at 1050for 2 hrs. 

Figure 43 s (ill) pole figure of -96 pot. OR 5Cu alloy 
(1°1 d 4) annealed at 1050°C for 4 hrs. 

Figure 44 : (ill) pole figure of 97 pot. CR 5Cu alloy 

(T°02) annealed at 1050 °0 for 2 hrs. 

Figure 45 : (ill) pole figure of 97 pet. CR 5Cu alloy 

(T°o2 (Hg)) annealed at 10 50°C for 2 hrs. 
in hydrogen. 

Figure 46 s (111) pole figure of 97 pet. CR 5Cu alloy 
(T°c4) annealed at 1050°C for 4 hrs. 
















FIGURE CAPTION 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


47 ; (ill) pole figure of 96 pet, OR 5Cu alloy 

(U°b2) annealed at 10 50°C for 2 hrs. 

48 : (ill) pole figure of 96 pot, OR 5Cu alloy 

(U°'b4) annealed at 10 50°C for 4 Rrs. 

49 { (111) pole figure of 97 pet. GR 5Gu alloy 

(U°e2) annealed at 10 50°C for 2 hrs. 

50 (ill) pole figure of 97 pet. OR 5Cu alloy 
(U°o4) annealed at 1050°C for 4 hrs. 

51 : (ill) pole figure of 97 pot, CR 5Cu alloy 

(U°o6) annealed at 10 50°C for 6 hrs. 

52 : (111) pole figure of 97 pet. CR 5Cu alloy 

(U°c 2(H2) ) annealed at 10 50°C for 2 hrs. in 


hydrogen. 






Figure 53 


Figure 54 


Figure 55 


Figure 56 


Figure 57 


Figure 58 ; 


CAPTIOF 


(in) pol 3 figure Of 96 pot. OS 5Cu alloy 
{V°b2) annealed at 105o“o for 2 hrs. 

(Ill) pole figure of 96 pot. CR 5Cu alloy 
(V°U) annealed at 105o“o for 4 hrs. 

(Ill) pole figure of 96 pot. OS 5Cu alloy 
(V°b 6 ) annealed at 1050°Cffor 6 hrs. 


(Ill) pole figure of % pot. CH 5Cu alloy 

(V oaCHj)) annealed at 10 50°C for 2 hrs in 
hydrogen. 


(ill) pole figure of 97 pet. CR 5Cu alloy 
(V°cl) annealed at 10 50°C for l hr. 

(Ill) pole figure of 97 pet. CR 50u 

alloy (V°o2) annealed at 3.050°C for 
2 hrs. 
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Figure 59 


Figure 60 


Figure 61 


Figure 62 


• (111) pole figure of 97 pet. OR 5 Gu alloy 

(V c4) annealed at 10 50°G for 4 hrs. 

s (111) pole figure of 98 pet. CR 5Cu alloy 
(V dl) annealed at 10 50°C for 1 hr. 

: (111) pole figure of 98 pet. CR 5Cu alloy 

(Vld2) annealed at 10 50°C for 2 hrs. 

5 (111) pole figure of 98 pet. CR 5Cu alloy 

(V d4) annealed at 10 50 ^0 for 4 iirs. 



07 
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FI& UBE CAPTTnw 


Figure 63 


( 111 ) 

(¥°b 2 ) 


pole figure of 96 pet, 
annealed at 1050°C for 


14Cu alio y 
2 hrs. 


Figure 64 


( 111 ) pole figure of 96 pet. oR 140u alloy 
(W b4) amealed at 105o“o for 4 hrs. 


Figure 6 5 : 


Figure 66 ; 


(111) pole figure of 97 pot. OH MOu alloy 
(W c 2 ) amealed at 10 50°0 for 2 hrs. 

(Ill) pole figure of 97 pot. OR I40u alloy 
(W°c4) annealed at 1050°C for 4 hrs. 
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FIGURE GAP'TTnw 

Figure 67 ; (ill) pole figure of 96 pet. OR 14Cu alloy 

(Y°b2) annealed at 1050°C for 2 hrs. 

Figure 68 : (111) pole figure of 96 pet. CR 14Cu alloy 

(Y°1d4) annealed at 10 50°C for 4 hrs. 

Figure 6 9 5 (ill) pole figure of 97 pet. OR 14Gu alloy 

(Y°o2) annealed at 1050°C for 2 hrs. 

Figure 70 j (111) pole figure of 97 pet. OR 14Cu alloy 
(Y°o4) annealed at 1050°C for 4 hrs. 
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Figure 71 


Figure 72 


Figure 73 • 


Figure 74 ; 


C^FTTnu 


(111) pole figure gg 

(Y° 1 > 2 (H 2 )) annealed at 105o“o 

iiydrogen. 


Ofi 14Cu alloy 
for 2 hrs. in 


' ( 111 ) pole figure of 96 pet. 

(¥ b 2 (H 2 )) annealed at 1050 ° 
iii hydrogen. 


C 


OR 14Cu alloy 
for 2 hrs. 


(lU) pole figure of * pot. CE lOCu alloy 
(X dl) annealed at 1050°C for 1 hr. 

(m) pole figure of 98 pot. CE loou alloy 
(X d2) annealed at 1050°0 for 2 hrs. 


(Ill) pole figure of 96 pot. OE lo Ou alloy 
(X°d4) annealed at 10 50°C for 4 hrs. 


Figure 75 
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Table IX ; 


teSfo"?? Tcf. -ari.blas on 

oexxure of 5 pet. Cu bearing permalloys. 


Alloy 

designa¬ 

tion 


E°b4 


T°b2 

T°b4 

t'^c2 

T°c4 


T°c2(H2) 

U°b2 

U°b4 

U°c2 

U°c4 

U°c6 

D°o2{H2) 

V“b2 

V°b4 

?°cl 




___ 





intensity of ( 111 ) reflection et 
isofljions. relative to 7 or 8 

1 2 3'— 

ifferent 

'2' s',''“7,'97 T 

7’ig. 

No. 

177,1017; 

6.3 

5.8 6.1 9.4 

5.1 

12.7 

1.0 

1.1 

40 

5.5 

2.7 - 5.9 

1.6 

14.6 

1.0 

1.2 

42 

5.2 

5.9 - 6.6 

2.5 

11.6 

1.0 

1.2 

45 

1.7 

5.1 - 1.9 

1.8 

16.6 

1.0 

1.6 

44 

4.5 

2.8 - 6.3 

1.6 

11.5 

1.0 

1.2 

46 

1.3 

2.6 - 2.0 

1.5 

15.5 

1.0 

1.0 

45 

1.3 

1.0 - 2.3 

1.0 

8.0 

1.8 

1.0 

47 

4.5 

2.8 - 7.6 

2.2 

19.0 

1.0 

1.6 

48 

3.0 

1.6 - 5.5 

1.0 

8.0 

1.0 

1.0 

49 

5.3 

■1.8 - 4.0- 

1.5 

18.5 

1.1 

1.0 

50 

2.6 

1.1 - 4.5 

1.1 

5.2 

1.0 

1.0 

51 

. 1.2 

2.2 — 2,9 

1.4 

14.7 

1.0 

1.6 

52 

5.4 

2.5 - 5.1 

1.9 

16.5 

1.0 

1.0 

55 

5.0 

1.9 - 6.1i 

1.8 

17.9 

1.0 

1.1 

54 

5.0 

2.2 - 1.4 

1.4 

9.2 

1.0 

1.0 

55 

2.4 

5.5 - 5.5 

1.6 

26.4 

1.0 

,4 

l.I 

57 
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Table IX (Contd.) 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

V°c2 

7.0 

2.0 

- 

3.5 

2.0 

14.7 

1.0 

1.0 

58 

7°c4 

3.7 

2.4 


2.3 

1.5 

9.8 

1.0 

1.1 

59 

V^cTCHg) 

1.8 

3.8 


2.8 

2.1 

17.9 

1.0 

1.6 

56 

Y^dl 

3.1 

4.3 

- 

2.9 

2.1 

24.9 

1.0 

11 

60 

V^dZ 

5.6 

3.3 

- 

7.5 

2.3 

65.0 

1.0 

1.0 

61 

V^d4 

3.0 

4.0 

- 

4.5 

2.1 

33.1 

1...0 

1.3 

62 

X°dl+ 

2.2 

1.0 

- 

2,3 

1.0 

2.3 

1.0 

1.0 

73 

f^d2 + 

2.0 

1.0 

- 

1.2 

1.0 

4.5 

1.0 

1.5 

74 

X°d4+ 

1.4 

1.1 

- 

1.4 

1.4 

5.6 

1.5 

1.0 

75 







_ _ _ 


, rf , 

_ 


+ These alloys contain 10 pet. Cu. 




Ill 


Talle Xs Effect of composition and process variables on 

annealed tezture of 14 pet. Cu bearing permalloys. 


Alloy 

designa¬ 

Intensity 

locations 

of (111) reflection 
relative to 7 or 8 

at different 

Pig. 

Xo. 

tion 

1 

2 

3 

4 

'"5 


“7‘ 

'W 


R°c4 

2.5 

3.0 

5.0 

5.0 

1.7 

8.0 

1.0 

1.0 

41 

¥°b2 

3.3 

3.0 

e 

3.0 

1.5 

33.0 

1.1 

1.0 

63 

¥°b4 

5.1 

4.3 

- 

4.6 

2.6 

:-45.7 

1.4 

1 0 

64 

¥°b2(H2) 

1.4 

3.0 

- 

2.3 

1.6 

18.9 

1.0 

1 2 

72 

W°c2 ■ 

1.8 

3.1 

- 

2.4 

l.S 

19.6 

1. 1 

1.0 

65 

¥°c4 

3.2 

3.7 

- 

2.6 

1.4 

15.0 

1.0 

1.5 

66 

Y°b2 

2.9 

2.4 

- 

2.0 

1.2 

17.9 

1.0 

1.0 

67 

Y^b4 

2.1 

2.7 

- 

2.9 

1.9 

24.7 

1.0 

1.0 

68 

I°b2(Hp) 

1.8 

2.2 


2.2 

1.7 

13.8 

1 1 

. * 

O 

1.0 

71 

Y°c2 

1.5 

CM 

• 

CM 

- 

3.1 

1.2 

8.2 

1.0 

1.2 

69 

Y°c4 

1.5 

« 

CM 


2.7 

1.5 

9.1 

1.7 

1.0 

70 
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method has been employed to present the texture data, for the 
annealed sheets. Tables IX and Z show the intensity of 
(ill) reflection at locations 1 through 8 relative to the 
intensity at location 7 or 8. 

III.3 Magnetic measurements 

Using PAR model 150A viiirating sample magnetometer, 
some magnetic properties were measured for alloys with 
different heat treatments; (l) annealed and (2) annealed just 
above and quenched in hot w^ter. The results obtained using 
magnetometer are shown in Pigs. 76-77 and 79-80 as plots of 
M vs H. For alloys 'V‘^d2 and Y°b4, complete B-H loops were 
obtained using the magnetometer (Pig. 78). Mr, iH , 

•C 

Mjj_^009e l^m alloys obtained with the help of 

M vs H plots are tabulated in Table ZI, The Pigs. 76 to 80 
show that all the alloys are essentially magnetically 
Saturated in magaetic fields ranging f rom 80 Og to 150 9^. 

The permeameter magietLsation values could not be 
calibrated. Hence the measurements mads using the permeameter 
can be used only for qualitative analysis of B-H curves. A 
very approximate calibration of B values obtained using 
permea,meter was done with the help of data obtained with the 
magnetometer. The magnetisation curves obtained for the 
specimen Y^d2 was used for this purpose. The B value 
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corresponding to a nagnetio field of c -25 was compared with the 
B value of the sar.e specimen measured with the perneameter. 

value obtained through the magnetometer was found to be 
about 4 times higher. Hence, a scale factor of 4 was used to 
convert the permeameter B values. In the Pig. 81 the modified 
B scale has been shown. Table XI gives the H,, values for 
different specimens before and after magnetic cooling. 
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Figure 76 


Figure 77 


Figure 78 


Figure 79 


Figure 80 ; 


Figure 81 • 


figure GAPTTnw 

! Magnetisation vs field strength curves for 

T o2, I o2 (440, HW85) and U°o4 (Magneto- 
meter data). 

: Magnetisation its field strength curves for 

U c4 (450, HW85), V^d2 and V^d2 (enlarged 
scale) (Magnetometer data). 

! B-H loops for 7^d2 and T%4 
(Magnetometer data). 

! Magnetisation vs field strength curves for 
V d4, V^d4 (460, H¥85) and w‘^b4 
(Magnetometer data). 

Magnetisation vs field strength curves for 

(¥ b4 ( 220, HW85) , Y°b4, and Y°b4 (260, HW85) 
(Magnetometer data). 

Magnetic induction vs field strength curves 
for I c2, U c4, V^d2 and W b4 (Permeameter 

d[Q,i>SL}« 
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DISCUSS10HS 
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GHiPTER-Il 
DISCUS SI ORS 


In the present stiidy an attempt has been mede to 
develop cube texture in Gu bearlnc pervallc'^s. Physical 
and .mechanical properties of the materisl PO "pXpVB . RTl 
important role in developing proper teztur-' o.nd magnetic 
properties. Since the physica,! and mecb.'^nical properties 
of some of the alloys are not known, some important properties 
of these alloys have been measured. 


I¥, 1 Physical^ and ^mechanic al„j)rp£ert^ Cu ..bear ing 


IV. 1.1 Mjchau ical_,prop er ti es_ p f_,Cr^ jnd, Ji_, con tai ning, alloys 


The .mechanical test data presented in Table VI 
indicate that addition of Ti and Cr to 5 pet, and 14 pet. Cu 
bearing alloys has slightly increased the pet. elongation 
of the alloys compared to the corresponding Fe-ITi alloys. 

The Cr and Ti containing alloys have been found to behave’.in 
a more ductile manner and the alloys could be cold rolled 
to very small thickness without developing cracks. Thu-s 
addition of Ti and Cr to Cu bearing perroallo’'’’s mekes it 
easy to prepare cold, rolled sheets of suitoi'lp thi'-kness for 
texture development. 
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Ar^ditj.on of Or to 5 pot. and 14 pet. Cu containing 
alloys ha.s been found to cause a larger increase in electrical 
resistivity than the addition of Ti (Table VIl), jHectrical 
resistivity of 78 permalloy is only,/wl6 p cm (Table I) 
whereas the electrical resistivity of 5Cu alloy containing 
Gr and Ti (V^) has been measured to be-<^ 50 pA.cm (Table VIl), 

f ' 

Beaause of the increase in electrical resistivity of 75 Fi 
permalloy due to the additions of Ti and Or, the new alloys 
are expected to reduce eddy current loss. 

IV. 1.3 Chenm;al_, or der_J.n^Cr_aud_,Ti_, contain^ 

After a step anneal in the temperature range of 450*^0 
to 250°C, no ordering could be detected in the Or and Ti 
containing alloys. Order-disorder reaction in these alloys 
appears to have become sluggish due to presence of Ti and Or. 
These results hhus show that no chemical ordering is to be 
expected, in the alloys under the normal cooling conditions 
employed after- hot rolling. Better ductility of the Or and 
Ti containing aliovs, showing only a slight improvement in 
pet. elongation.over those alloys having no Or and Ti, is 
possibly because the ordering reaction in the alloys is 
suppressed hy the alloying element addition. 
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IV. 1.4. Curle^tjmgeratare_,,oGr^^d_Ti._con^ 

Addition of Cr to 50u and 14Cu alloys has been found 

to lower to a much larger extent than the addition of Ti 

(Table YII). Addition of ITi and ICr to 5Cu alloy has 

decreased T^ from 550°C (for alloy containing 5Cu without 

Ti and Cr) to 458^0. Even larger decrease in T has been 

o 

observed for 14Cu alloys containing iTi and iCr (/^217*^0) 
which is due to the presence of large amount of Cu in the 
14Ou alloys. 

IV.2 T ext ure development 

The textures developed after cold rolling and annealing 
have been studied through X-ray diffraction technique employing 
a transmission texture goniometer. The limitatnon of this 

f. 

type of goniometer is that the maximum angle "f rotad^ion of 
specimen around the diffractometer axis (a) is 50°. Because 
of this it was not possible to determine the central portion 
of the (111) pole figure. Eor both cold rolled and annealed 
sheets (111) pole figures were determined. The results are 
discussed below, 

IV.2.1 of Cu be arin g permal loys 

In the development of cube texture, it has been found 
that the production of cube texture and its perfection depends 
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on whether cold rolling produces in the material a sharp 
Cu .type texture (Pig. 4). Hence it was con='.ider6'^ nececssarv 
to study the cold rolled textures of the Cr and Ti containing 
alloys. The partial pole figures determined were com-oa.red 
with the f'^atures of well developed Cu tj’pe texture (Pig. 4) 
to find out the nature of cold rolled texture developed. 

If the intensity measurement is carried out in the 
angular range of a = 0 to 90*^, the (111) pole figure for cold 
rolled Cu (Pig. 4(a)) indicates essentially peak intensities 
at fhre^" locations in the pole figure namely A, O' and E 
(see Pig. 4(a) for pole locajiions) with a peculair intensity 
distribution around location C'. In the present study the 
(111) reflection intensity could be measured only in the 
angular range of a =0 to 50°'’ . Hence it may be possible to 
observe only tne tip of ear like intensity distribution 
around C*. Such intensity distribution at location C, was 
observed by Sarkar^^^^ in his study of 43 permalloy . Sir'^e 
it is known that with increase in pet. reduction not only 
the intensity at the locations A, C and B ircreesRs biit the 
spread in intensity gets reduced, an indication of str'^nger 
cold rolled texture. It may be possible that if strong 
cold rolled texture is produced, the intensity distribution 
at location C may become so limited that the tip of the' 
ear like distribution may go out of the angular range of 
investigation of the pole figures. 
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IV. 2.1.1 Cold^roJ.lj;d_J:.ext]ir^e^^ 

IV. 2.1.1.1 T^xtyxe.Qf_2Cr_allpjr 

The (111) pole figures of cold rolled texture nf 2Cr 
alloys shown in Figs. 29 to 30. Cold rolled texturr.s of these 
alloys are somewhat different from On type textur*^ >>' 0^.1186 in 
addition to intensity peaks at locations C,and E. ther-^ 
are other peaks occuring at locations 3, D, F, 0 and H 
(Soe Appendix I for location of poles in (111) pole figure). 
Unlike a copper tsrpe texture, the intensity at location G 
Was found to he considerable even at 96 pet. cold rolling (CR). 
On further cold rolling to 97 pet. reduction, the intensity 
at location A, E and G increased but the other intensity 
peaks at locations B, C D and P vanished. As has been 
discussed above the disappearance of. peak intensity at location 
C is possibly due to the development of strong cold rolled 
texture. ’ 

IV. 2,1.1.2 Texture,_pf _ 2 Ti,alloj 

The 96 pet. cold rolled 2Ti alloy (U°b0) produced a 
cold rolled texture (Pig. 31) which in appoarance was f^^’^nd 
very similar to Cu type texture because intensitv upaks 
at locations G and p were not present. Tb,i^ inten'-itv at 
location C was found to be high. Weak intensity w'-re also 
found at locations B, D aJid H. With increase in pet .reduction 
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to 97 pet. , however, the intensity peak at location C dis¬ 
appeared and a strong intensity peak appeared at location ff. 
Several otbar intensity peaks found for 96 pet. OR 2Cr alloy 
also appeared in the pole figure after the 97 pet. cold 
rolling of 2Ti alloy. 

lY.2.1.1.3 Texture of H i. an d lCr_ a11 oj 

96 pet. OR ITi and ICr alloy develops^' a te^^ture 
similar to that produced in 2Cr alloy (?i,''. 33). with increase 
in pet. reduction to 97 pet., the intensity at location & was 
found to increase (Rig. 34). Compared to the 96 pet. CR 
97 pet. CR Was found to reduce the intensity at locations C 
and R. VJith further increase in pet. reduction to 98 pet., 
the intensity at locations C, D, R and H disappeared whereas 
the intensity at loca^tinns 4, B and G- were found to increase 
(Rig. 35). 

IY.2.1.2 Cpld_rolled^ tjxJ;UJ.es,pf_ 14^ 

IY. 2,1.2.1 Te?^Mre_Qf_2Ti^a^gj 

In 96 pet. CR alloy, a strong peak around location G 
is present in addition ro intensity peaks at A and E. The 
peaks around C, D, R and H were absent (Rig. 38). With 
increase in pet. reduction to 97 pet., the intensitv at 
locations A and 6 was found to increase without the aureerance 
of pealc intensities at C, D, R and H (Rig. 39) , 
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aij loca’fcion G. In all cas©s incraase in pci, reduction 
produced strong cold rolled textures with increase in intensity 
at locations A, E, and G- and decrease at locations B, C, D, 

P and H. 

lY, 2.2 _ Cu._ hearin_g;_j)er^.a^^ 

The (111) pole figure for well developed cube texture 

in annealed Cu is shown in Pig. 5(a). The (111) pole figure 

of annealed Cu indicates cube texture intensity at location 

6 and two more low intensity peaks which are due to grains 

having twin orientation relationship with respect to the cube 

oriented grains, (See Appendix I. for pole locations in (111) 

pole figure for annealed texture). These textures can ■■'e 

described as ^122j for a well developed cube texture 

these secondary textures should be less prominent. Per Cu 

the intensity ratio between locations 6 and 7 or 8 is 40:1. 

Yo secondary textures other than the ^122? /21?Vtexture is 

I, J ^ 

reported for annealed Cu having strong cube texture. 

In the present investigation annealed textures of all 
Cr and Ti containing alloys were determined and the (111) pole 
figures are shown in Pigs. 40 to 75* Along with these figure 
the annealed textures of similar allots having no Cr and Ti 
are also shown in Pigures 40 and 41. Unlike the annealed 
texture of Cu (Pi-g. 5(a)), the aniealing textures of the Cu 
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bearing permalloys show that several secondary textares are 
always present along with the cube texture. The annealing 
textures of Gu bearing permalloys were found to be e'^'^<=nti^llv 
similar to the textures of 48 permalloy studied by S^rkar^^®^. 
The identification of the sec'^ndary textures formed was done 
by Sarkar. Since the secondary textures were always found 
to be present the process variables were adjusted so as to 
maximise the cube orientation intensity. Texture is bad or 
good is determined by (1) higher (111) reflection intensity 
at location 6. (2) low intensity at all other (111) pole 
locations, and (3) spread of intensity abound each locations. 

The texture data for the different alloys are discussed in 
the following sections. 

IV. 2.2.1 ^nealed_J: extj;^ es_,o f_.5 Cu_ a^o j_s 

Addition of alloying elements to 5Cu alloys appears 
to have developed better texture compared to the 5Cu alloys 
containing no other alloying element. Addition of alloving 
elements appears to have eliminated the (111) rpflertion 
intensity from location 3 of the pole figures. Sarkar^^®^ , 
d.uring his study of 48 permalloy, could not remove the intensity 
peak at location 3 even after several adjustments of process 
variables. Ti or Or containing alloys, however, still show 
intensity peaks at the other locations 1 through 8. 
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IV. 2.2.1.1 Texture^of _2Gr_allo^ 

96 pet. OR 5Cu alloy containing no Ti and Gr (p^M) 
shows weak cube texture after annealing at 1058°C for 4 hrs 
(Pig. 40). Intensity at locations 1 and 4 are relatively high 
and all secondary textures appear strong relative to the 
cube texture. In comparision to the P°b4 alloy the 96 net. 

CR 2Cr alloy (T°b2) after 2 iirs. annealing developed somewbt 
stronger cube texture, but the intensity values at locations 
1, 4, 7 and 8 are also high (Pig. 42). The same alloy annealing 
for 4 hrs. (T°b4) has increased the cube texture intensity 
but it still shows very hi^ intensity at locations 1 and 4 
(Pig. 43). In the 97 pet. CR alloy 2 hrs. annealing {’Jpc2) 
produced better texture compared to 4 hrs. annealing (T°c4) 

(Pigs. 44 and 46). In T°c2, the secondary textures are less 
prominent compared to the T°b2 alloy. 97 pet. CR alloy after 
annealing for 2 hrs. in hydrogen (T°c2 (H 2 )) appears to develop 
improved cube texture because intensity values at 1, 4 and 5 
are reasonably low (Pig. 45). The intensity values at 7 or 8 
are also somewhat high. It is possible that better cube texture 
may be produced by longer annealing of the (T°c) alloy in 
hydrogen atmosphere. 

IV.2,2.1.2 Texture of 2Ti a lloy 

In 96 pet, OR alloj’’ (U^b4) 4 hrs. annealing developed 

'''O'.-' 

somewhat better texture compared to the 2 hrs. annealing (U"b2) 
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ease but the Intensity values at locations 1 an4 4 are very 
high relative to the Intensity at location 6 (Figs. 47-4a). 

In 97 pet. CH alloy 4 hrs. annealing Seveloped belter textures 
compared to the 2 hrs. annealing (pigs. 49-50). But on further 
Increase In annealing time to 6 hrs. the texture developed was 
not good because Intensity values at 1 and 4 beorf»e too high 
(ihg. 51). The increase in annealing time appears to improve 
cube texture but some of the secondary textures also become 
too prominent. The texture developed after 2 hrs anneallns 
of 97 pot. OR alloy in hydrogen (lJ°o2 (Hg)) is oomparetively 
better because the secondary textures are les-- prominent 

(Pig. 52). longer annealing in hydrogen atmosphere may eh’w 
still better results. 


I?. 2.2.1.3 Tgsture^oX.lTi_,aud_lCr^ 

96 pet. OR alloy after 2 hrs annealing (\^b2) and 4 hrs. 
annealing (V b4) has been found to have developed very similar 
texture beoause intensity at differ-^nt looations are praotioally 
the same (Rigs. 53“54). With further inorease in annealing 
time to 6 hrs.^ the texture developed is not good because 
intensity values at locations 1, 2, 4, 7 and 8 are rather 
high (i'ig, 55). in the 97 pet. CR alloy, 1 hr. annealing 
has developed reasonably strong cube texture with loss 
prominent secondary textures (i.e, low intensities at 
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locations 1 , 2 , 4 and 5 ) (pig. 57 ). annealing 

■ e to 2 hrs. and 4 hrs. , hovrever, the secondary te-feres 
corresponding to locations 1, 2, 4 and 5 have become rather 
ho (^igs. 58-59). The hydrogen annealed alloy (V°c2 (Hg)) 
has shown slight improvement in texture compared to t°c2 as 
the intensity values at locations 1 and 4 have reduced 
compared to y°o2 (P,.g. 55 ). The 96 pot. OH alloy has developed 
much improved texture compared to 2Cr and 2T1 alloys. 1 hr. 
annealing (y dl) appears to develop strong cube texture (Jig. 60). 
The intensity values at 1, 4 and 5 are very low compared to 
cube orientation intensity. HiiSier annealing time developed 
very strong cube texture. Both 2 hrs. and 4 hrs. annealing 
(Pigs. 61-62) have developed strong cube texture with very 
little change in intensity at 1, 4 and 5 . .PDr 4 hrs. annealing 
the (111) reflection intensity .at locations 2, 7 and 8 has 
increased compared to the 2 hrs. annealing case. Since in 
Table IX the tabular data indicate as if the 4 hrp. annealing 
nas not producicd as good a texture as was obtained throi-gh 2 hro. 


annealing, if the small increase in the twin oriented grains 
IS tolerated the 4 hrs annealed alloy may give still better 
magnetic properties. 
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IV. 2.2.2 e&led ^texture s_ oJ‘_ 14Cu___^lo js 

The pale figures (Pigs. 63 to 72) anP the texture data 

of 

in Table Z show that the additioiVTi and Cr to 14Cii allo^^s 
have developed better texture compared to the corresponding 
alloys containing no Ti and Or. Like the 5C;u alloj^e adPiti-n 
of Ti and Cr to l4Cu alloys appears to have removed the (111) 
reflection intensity from location 3 in the pole figures. 

Ti or Cr added alloys however, still show the other secondary 
textures at locations 1 through 8 . 

17.2.2.2.1 T^x ture_, of _ 2 T.i„. alloy 

4 hrs. annealing of 96 pet. CR sheets (y^b4) developed 
better texture compared to the 2 hrs. annealing (Y°b 2 ) case 
(Pigs. 67-68). The texture data indicate that the intensity 
at location 6 has increased withouit any appreciable change in 
the intensities at locations 1, 2, 4 and 5. This may surest 
that slightly longer annealing of the dieets will produce 
still better cube texture in the T° series alloys. Por 97 pet. 
CR alloy, the textures developed after 2 nrs, annealing 
(Y°c2) and 4 hrs. annealing (Y°c4) are similar to each other 
(Pigs. 69"70). Textures developed in 97 pet. CR allots are 
not good compared to Y°b alloys. The 96 pet. CR all'^V efter 
annealing in hydrogen for 2 hrs. (Y°b2 (H 2 )) appears te 
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remanence of CR texture and cube texture in this case is 
very weak (Fiff. 71). .Texture may possibly improve after longer 
annealing time. 

IV. 2.2.2.2 Texti^e^of_ lTi_^ and_lCr__g^ 

The 96 pet. OR alloy after 2 hrs. annealing and 4 hrs. 
annealing developed good textures with less prominent secondary 
textures. W*^b2 texture is somewhat better th;an the ¥^b4 
texture because secondary textures are of somewhat low 
intensity in the former case (Pigs. 63-64). 97 pet. OR alloys 

did not produce good texture compared to 96 pet. CR alloys". 

The 96 pet. CR alloy after anaaling in hydrogen for 2 hr^-. 

(¥°b2 (H 2 )) developed reasonably strong cube texture with 
very low intensity secondary textures (Fig. 72). larger 
annealing time may produce better texture. The texture 
developed in these alloys are better than the texture developed 
in 2Ti alloys. 

IV. 2.2.3 AP5e?.lj!?..J;-ejJi";res_pf_10C3i__aJ.lpy 

Since the amount of U® alloy was not sufficient for 
giving it 98 pet. cold reduction, a new alloy of the sftme 
composition was melted and given 98 pet. CR. On chemical 
analysis the alloy was however, found to contain 11 pet. Cu. 
Hence, the alloy was designated as ^ alloy. Fo systematic 
work was done with this alloy. The 98 pet. CR alloy sheets 
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weite azinealed at 1050^0 for 1 hr,, 2 hrs, and 4 hrs. and. the 
textures were determined. The texture data shown in Table IX 
and the pole figures (Figs. 75 to 75) indicate that the cube 
texture is not prominent in this alloy. 

IV.5 Magnetic measurements 

Since a considerable amount of time was spent in 
developing strong cube texture in the Cu bearing permalloys 
and that proper magnetic measurement equipments for sheet 
material were not available, only limited amomt of work was 
done to improve magnetic properties through heat treatment. 

The results of the magnetic measurements are discussed in 
the follcwing sections. 

IV.5.1 M agnetic measurements using vibrating sample 
magnetometer 

Since the mag’netometer makes use of very small si^e 

specimens, it is not suited for the determination of the 

magnetic properties of textured sheet material. In the 

absence of a suitable sheet samples tester, one set of 

measurements were carried out using the magnetometer to 

determine some of the basic magnetic characteristics of 

the new set of alloys investigated. For magnetic measurem®its 

11 

using magnetometer, specimen of size g*' x were cut frcm 
the specimens used for texture determination. The magnetic 
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properties obtained through these small speolinens are 
presented in Table XI and Pigs. 76 to 80. The M vs H plots 
indicate that these alloys get magnetically saturated in the 
magnetic field ranging oetweenr-100-150 &e. The saturation 
induction for 78 permalloy is 10.8 kgauss (Table I). Addition 
Of Ou is erpeoted to reduce Addition of other alloying 

el..ments Or and T1 is expected to reduce B still further 
Available literature data for p,-iiietal caatainiug 771fi, 5Cu 
aba 2Cr (nominal composition) shows (Table I) Bg:i=:6.5 kgauss. 
2?lie alloy containing 75Wi, 5Cu and 2Cr shows = 60 50 gauss 
which is comparable With the literature value. The small 
difference in the values is possibly due to small variation 


in the Or and Cu contents. Both 2Ti and ITi + iCr alloys have 

higher 3^ values than the 2Gr alloy, the highest value of 

Bg (8.3 kgauss) was observed for the 2Ti alloy. Since the 

¥ and I alloys have much higher Cu contents than the T°, 

and Y° alloys, the expected for the vrf^ and Y° alloys is 

small. Results indicate that the values for the and Y° 

alloys are 5.05 kgauss and 3.25 kgauss respectively, in this 

case also the higher B^ was observed for the Ti containing 

alloys. Thus the rate of decrease of B appears to be small 

S' 

when Ti is added. 

Unlike B^ the other magnetic properties derived through 
magnetisation curves such as 3r, H ^im, p and hysteresis 

C 0 
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loss are dependent on tne processing parameters. Most of the 
literature data give only the final magnetisation curve which 
is obtained after suitable heat treatment given to the 
material following the preliminary treatment which develops 
the texture. Hence most of the present results, which were 
obtained after the preliminary heat treatment, cannot be 
compared with the literature data. 

The values of the copper bearing alloys are 

^ 1 ©e. values have been found in the range of 5 to 14 

Gauss. Among the three 5Cu alloys, the (iTi + ICr) alloy has 
the hipest and the 2Cr the lowest. For the 14Cu alloys, 
however, the alloy containing 2Ti has higher than the 
(iTi + ICr) alloy. 

After quenching the specimens in hot water (85°C) 

H appears to have increased slightly for the alloy specimens 

JL O 

T°c2 and V^d4 whereas it has decreased somewhat for the alloy 
specimens U°c4 and y°b4. The remains practically the same 
for alloy specimen Y°b4. does not show any appreciable 

change after quenching treatment for most of the cases except 
for a small decrease of '--^lO Gauss observed for the U°c4 
specimen. also shows some small change on hot water 

quenching. The observed changes in magnetic properties after 
hot water quenching of specimens are rather too small and 
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possibly are with.in the experimental errors. It appears 
that quenching in hot water is not effective. 

IV.3.2 Magnetic measurements using narmeameter 

The specimens used for magnetometer were too thin and 
very small in size x ). Hence they do not give repre¬ 
sentative magnetic properties of larger sheet specimens. This 
is because in a small specimen number of grains will be very 
small compared to the larger specimens. Therefore in order 
to study the magnetic properties of larger sheet specimens, 
a locally fabricated permeameter was used which could measure 
the properties of a 4” long x 0.354” wide specimen. The 
permeameter field strength (H) values were calibrated using a 
gaussmeter and fluxmeter. Calioration of 3 Values was not 
possible since the magnitude of the .3 values obtained thro\agh 
permeameter appeared to show a nonlinear dependance on the 
mass of the specimen. For nearly the same mass of specimens 
the 3 values seemed to show normal expected behavi-ur. Because 
of this difficulty the B scale of the fluxmeter could not be 
calibrated to get absolute 3 values. Since all the specimens 

used for the test were having similar weights, a rough 
of 

calibrationZthe B scale was done using the B value of one 
specimen (V^) obtained through the magnetometer data. The 
scale factor (4,04) thus obtained has been used to multiply 
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the B values measured through the fluxmeter. Fig. 81 shows 
these modified B scales. Since the 3 scale could not be 
calibrated, the magneticproperty value obtained through the 
permeameter can De used only for comparative study. 

Ihe values for most of the investigated alloys 
are found to be^^O.Z &e and it isC 0.1 G-e for the 
specimen. The later value is ccmparable with 0.05 ©e 
for pj-metal (Table I). The B^ values of most of the large 
specimens used in the penneameter are comparatively higher 
than the B^ values of small specimens obtained through the 
magnetometer. The 3^ values of T^^cB, U°c4 and y°b4 were 
found to 170, 390 and 64 gauss respectively. The B^ for 
V^dB specimen was, however, practically zero. Since in the 
permeameter small adjustment of magnetising currents was 
possible and that the specimens could be easily demagnetised 
before performing magnetic measurement, it was possible to 
study the initial part of the magnetisation curve. The magne¬ 
tisation curves of Fig. 81 indicate that the initial magnetisa¬ 
tion rate of the specimens is quite high. A rough estimate 
of the low field permeability (p*) was made for a small 
magnetising field of 0.37 ©e. The permeability values for the 
specimens are as follows; p* (V^d2) = 3290, p’{U°c4) = 3120, 
p‘(T°c2) = 2278 and p’(W°b4) = 674. 
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Magnetic cooling of the textured specimens (4” long x 
0.554" wide) was performed by raising the material to 700°G 
and allowing to cool in the furnace. The initial cooling rate 
was 5 O/min. After magnetic cooling except for the specimen 
V the was found to increase' slightly for all the cases. 

B^c specimen was still c^_0.1 Oe. A small improvemen'c 

in the value was also noticed after magnetic cooling. The 
values of T°, U-°, and specimens after magnetic cooling 
was 1068, 1140, 68 and 425 respectively. 

Magnetic cooling is expected to oring about a very 
large change in the magnetisation and demagnetisation curve 
of permalloys. The present results suggest that the magnetic 
cooling was not effective for these alloys. Possibly reason 
why the magnetic cooling did not show good results in the 
present study could be the follovTing: 

Magnetic cooling data is available for 65 peinalloy. 

In this case the magnetic cooling follows the preliminary 
annealing. In the present case a two step process has been 
used, i.e. , a textured material had to be heated up again to 
higher temperature for magnetic cooling. This may have disturbed 
the texture formed because it has been fo\md that longer 
annealing decreases the cube texture intensity. The cooling 
rate used for the 65 permalloy was slightly less (at 700^0) 
than what has oeen used in the present case. The curie 
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temperature of 65 permalloy is^600°0 aud la the present alloys 

It 1 S< 500 C. Since magnetic cooling through T essentially 

produces diffusion of atoms under a m^netic field so that 

magnetic anisotropy is produced in the material, lower of 

the alloys will mean the diffusion rate is jfjow. Hence it is 

possible that the cooling rate employed is too high to produce 

enough diffusion of atoms during the cooling process. A slower 

cooling rate or magnetic annealing: near ^ ^ 

cciLxng near may produce better 

magietic property^ 
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CONCLUSIONS 
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CHAPT3R Y 
CONCLUSIONS 

Prom the present study on the development of cube 
texture in copper oearing permalloys, the following conclusions 
can be drawn: 

1. The Gu bearing alloys containing Ti and Gr were found to 
behave in a more ductile manner compared to the corresponding 
alloys containing no Ti and Cr. The 2Ti containing alloy 
was found to be more ductile compared to ITi + ICr or 

2Cr alloys. These alloys could be cold rolled down to 
0.003*' thickness without cracking of the rolled sheets. 

2. Addition of Ti and Cr to 5Cu and 14Cu alloys increased 

the electrical resistivity compared to the alloys containing 
no Ti and Cr. There was a larger increase in the electrical 
resistivity due to addition of Gr compared to the addition 
of Ti. 

3. No order-disorder reaction could be detected in the Cr 
and Ti containing alloys. 

4. Curie temperature of 5Cu and 14Cu alloys decreased due to 
addition of Ti and Or. The 14Cu alloys showed larger 
decrease than the 5Cu alloys. The decrease in the curie 
temperature due to addition of Cr is more cempared to the 
addition of Ti. 
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Ihe 5CU, 2T1 alloy (u°bO) developed a cold roLled texture 
very similar to the Ou type texture after 96 pet. cold 
reduction. Por all other alloys, the texture developed 
after cold reduction of 96 pet. or above seems to be 
somewhat different from the a. type texture as new peak 
intensities appear in the ( 111 ) pole figure. With increase 
in pet. reduction, the Ou type texture developed in D° 
alloy changes to the texture found for other alloys. 
Mnealed textures developed in all the alloys show several 
secondary textures along with strong cube texture. 


7. 


J'fi'fcli increase in annealing -him 
increases in the Deginning ani 
trend. The secondary textures, 

which [ill] RD increases with 
time. 


f the cube texture intensity 
then shows a decreasing 
especially the one for 
increase in annealing 


8. Ihe alloy containing 75 Hi, 5 Ou, Ifi, iCr appears to develop 
very strong cube texture after 98 pet. cold reducticxi 
followed by 2 hrs. annealing. 

9. Hydrogen annealing of the alloys appears to cause slow 
development of cube texture compared to argon annealing 
and the secondary textures appear to be less prominent. 

10. Magnetic properties indicate that 2Ti alloy has higher B 

than (ICr + 111) and 2ar alloys. The alloys have very iL 
coercivity, gH^^ O.2 ©e and low 


values. 
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Appendix I 

Cspiion 

(111) pole locations in ( 111 ) pole fig„,e of On 

bearing permalloys. • pole locations in cola 

rolled texture, . pole locations in annealed 
texture. 



(111) pole locations in 
stereogram 




Aegsei 

^3.2 A68861 

YF9^ 

This book is to be returned on the 
date last stamped. ' d 




















.r 


.#■.........«.. 

1 

1 

CD 6.72.9 

-^.Ci___ 

^ i- 

fV\E_/9<9l 

- M- X/B'R,- S.TLV 


,v,ii 















